Human papillomavirus type 6 (HPV6) is the major etiological agent of anogenital warts and laryngeal papillomas and has been included in both the quadrivalent and nonavalent prophylactic HPV vaccines. This study investigated the global genomic diversity of HPV6, using 724 isolates and 190 complete genomes from six continents, and the association of HPV6 genomic variants with geographical location, anatomical site of infection/disease, and gender. Initially, a 2,800-bp E5a-E5b-L1-LCR fragment was sequenced from 492/530 (92.8%) HPV6-positive samples collected for this study. Among them, 130 exhibited at least one single nucleotide polymorphism (SNP), indel, or amino acid change in the E5a-E5b-L1-LCR fragment and were sequenced in full. A global alignment and maximum likelihood tree of 190 complete HPV6 genomes (130 fully sequenced in this study and 60 obtained from sequence repositories) revealed two variant lineages, A and B, and five B sublineages: B1, B2, B3, B4, and B5. HPV6 (sub)lineage-specific SNPs and a 960-bp representative region for whole-genome-based phylogenetic clustering within the L2 open reading frame were identified. Multivariate logistic regression analysis revealed that lineage B predominated globally. Sublineage B3 was more common in Africa and North and South America, and lineage A was more common in Asia. Sublineages B1 and B3 were associated with anogenital infections, indicating a potential lesion-specific predilection of some HPV6 sublineages. Females had higher odds for infection with sublineage B3 than males. In conclusion, a global HPV6 phylogenetic analysis revealed the existence of two variant lineages and five sublineages, showing some degree of ethnogeographic, gender, and/or disease predilection in their distribution.
H
uman papillomavirus 6 (HPV6) is classified taxonomically in the Alphapapillomavirus genus, as species Alpha-10 (1). HPV6 is considered a low-risk HPV, since it is rarely detected in invasive cervical cancer and other HPV-related anogenital cancers. It is the major etiological agent of anogenital warts and laryngeal papillomas, the most frequent benign tumors of the anogenital region and upper respiratory tract (2) (3) (4) (5) . In addition, HPV6 has been associated with Buschke-Löwenstein tumor (6) and with sporadic cases of anal (7), vulvar (8) , penile (9) , and head and neck (10) cancers, and it is the most prevalent low-risk type in HPV-positive women with normal cytology, with a global prevalence of 0.8% (11) . Due to its clinical importance, HPV6 has been included in both the quadrivalent and nonavalent prophylactic HPV vaccines (12) .
Although the genomic diversity of HPV6 has been investigated previously, only a limited number of HPV6 isolates from ethnogeographically closed cohorts were studied, focusing mostly on a single genomic region (13) (14) (15) (16) . Two recent Slovenian studies reported a substantial genomic variability across the entire HPV6 genome and identified several novel genomic variants (17, 18) . The existence of two main HPV6 phylogenetic clusters and several smaller subclusters was identified recently in a study that included 43 complete HPV6 genome sequences (19) . Two HPV6 variant groups were established: lineage A consisted of variants that were closely related to the HPV6b prototype sequence (accession no. X00203), while lineage B was further divided into three defined sublineages (B1, B2, and B3) (19) . Apart from the preliminary observation of lineage B variant predominance in HPV6-related anogenital warts and laryngeal papillomas originating from Slovenia (17) , as well as the recent description of sublineage B1 predominance in anogenital lesions originating from Australia (14) , no other clinical correlations for HPV6 variant groups have been observed so far (13, 15, 16, 18) .
The present comprehensive study, based on 724 HPV6 isolates and 190 complete genome sequences from six continents, was conducted to assess the global genomic diversity of HPV6 and to investigate possible ethnogeographical and clinical associations for HPV6 lineages and sublineages. To the best of our knowledge, the independent associations between specific HPV6 (sub)lineages and geographic location, anatomical location of infection, and gender were evaluated for the first time on more than 700 HPV6 sequences, using multivariate logistic regression.
MATERIALS AND METHODS
Study samples. For the purpose of this study, a total of 530 HPV6 DNApositive samples were obtained from 15 Table 1) .
The initial repertoire of HPV6 isolates for HPV6 genomic variant correlation analyses included 875 HPV6 sequences, as follows: (i) 130 complete genomes and 400 partial sequences, ranging from 839 to 6,664 bp, generated in this study; and (ii) 60 complete genomes and 285 partial sequences, ranging from 121 to 3,853 bp, obtained from the NCBI database, the PapillomaVirus Episteme database (PaVE), and various HPV6-related publications (data set collection closed June 2013). HPV6 sequences with a determined lineage/sublineage status and geographical location (724/875 sequences [82.7%]) were selected for further statistical analyses.
Whole-genome amplification and sequencing. A fragment of 4,908 bp containing the complete E6, E5a, E5b, L2, L1, and LCR genomic regions was initially amplified using the HPV6-E5S and HPV6-E6R primers (17) . HPV6 genomic variants that contained at least one unique single nucleotide polymorphism (SNP), amino acid change, or insertion/deletion (indel) in E5a, E5b, L1, and/or LCR were selected for complete genome sequencing. For this purpose, an additional overlapping DNA fragment of 4,511 bp, containing the complete E6, E7, E1, E2, E4, E5a, and E5b open reading frames (ORFs), was generated using the HPV6-E6S and HPV6-E5R primers (17) .
Both PCRs were conducted using a Platinum Taq DNA Polymerase High Fidelity kit (Invitrogen, Carlsbad, CA), with 100 ng of DNA template, 2.5 l of 10ϫ High Fidelity PCR buffer, 0.1 l of each primer (50 M), 0.5 l of deoxynucleoside triphosphates (dNTPs) (10 mM), 1 l of MgSO 4 (50 mM), and water up to 25 l for each reaction mixture. The cycling conditions were as follows: DNA denaturation and polymerase activation at 94°C for 2 min, followed by 50 cycles of 30 s at 94°C, 30 s at 62 or 56°C, and 5 min at 68°C. The final extension step was done at 68°C for 7 min. PCR products were visualized by gel electrophoresis, purified with a QIAquick PCR purification kit (Qiagen, Hilden, Germany), and sequenced at Macrogen Europe (Amsterdam, Netherlands) or in our inhouse sequencing facility, using previously published primers (18) . The in-house sequencing was performed using a BigDye Terminator sequencing kit (version 3.1; Applied Biosystems, Foster City, CA) and a sequencing protocol developed by Platt et al. (20) . Sequencing reaction mixtures were purified with a BigDye XTerminator purification kit following the Phylogenetic tree construction. The global phylogenetic tree construction employed 130 complete HPV6 genomes determined in this study (accession no. HG793809 to HG793938) and 60 complete genomes available in GenBank (NCBI) (accession no. FR751320 to FR751338 [17] , HE599226 to HE599246 and HE962026 to HE962032 [21] , and JN252314 to JN252323 [22] ), including the corrected HPV6b reference genome (PAVE ID HPV6REF) and nonprototypic HPV6a (accession no. L41216) and HPV6vc (accession no. AF092932) genomes. The complete genomes were linearized at the first ATG of the E6 ORF and aligned using MAFFT v6.846 software (23) . Maximum likelihood trees were constructed using RAxML HPC2 v7.6.3, employing 1,000 bootstrap values (24) . Bayesian trees were constructed using MrBayes v3.2.1 (25) , with 10,000,000 cycles for Markov chain Monte Carlo (MCMC) runs; a general time-reversible model with gamma-distributed rate variation and a proportion of invariable sites (GTRϩGϩI) was used. Phylogenetic trees were visualized in FigTree v1.4.0 (26) .
The tree construction processes were repeated for multiple HPV6 genomic regions to identify the most informative region(s) for wholegenome-based phylogenetic clustering.
Identification and naming of HPV6 variant lineages and sublineages. Identification of HPV6 variant lineages and sublineages was based on 190 globally aligned HPV6 genomes (130 from our study and 60 obtained from NCBI and PaVE), using the classification and nomenclature system proposed recently (19) : nucleotide differences of Ͼ1% to Ͻ10% and Ͼ0.5% to Ͻ1% of the complete genomes were used to define variant lineages and sublineages, respectively. Pairwise identities (p distances) were calculated in MEGA5 (27) and were used to construct a heat map scaled in color gradients, with blue indicating maximum (100%) pairwise identity and red indicating minimum (98.4%) pairwise identity.
Identification of lineage/sublineage-specific SNPs. Out of 190 complete genomes (130 from our study and 60 from NCBI and PaVE), a representative complete genome with more than 0.05% pairwise dissimilarity to other isolates or with a unique variation pattern was selected for identification of lineage-and sublineage-specific SNPs with MacClade v4.08 (28) . Based on the above-described criteria, a total of 48 complete genomes were selected, covering all six continents. All of the selected isolates clustered phylogenetically with one of the established HPV6 variant (sub)lineages.
Statistical methods. Ethnogeographical and clinical associations for HPV6 variant lineages and sublineages were evaluated for 724 HPV6 samples, originating from 18 countries and covering 6 continents (see Data Set S1 in the supplemental material).
A contingency table (Table 2 ) was constructed to present the distribution of HPV6 lineage A and sublineages B according to geographical location (continent and country), anatomical location of infection (anogenital region or head and neck region), type of lesion (anogenital wart tissue or laryngeal papilloma tissue), and gender, using IBM SPSS 22.0 (released 2013; IBM Corp.). Pie charts representing global and continental distributions of HPV6 (sub)lineages were created in Excel 2013 (Microsoft Office; Microsoft Corporation, Santa Rosa, CA).
Bivariate associations of characteristics represented in the contingency table were then determined, comparing lineages A and B and sublineages B1 and B3 versus lineage A. Sublineages B2, B4, and B5 were excluded from the analysis since they did not meet the criteria for statistical analysis.
Odds ratios (ORs) were calculated, and the significance level was set at an ␣ value of 0.05. All tests were two-sided.
To evaluate the independence of associations among the above-mentioned characteristics, multivariate logistic regression was performed; depending on the number of categories of the dependent variable, binary or multinomial logistic regression was used. All analyses were performed in R software, version 2.12.0 (Free Software Foundation, Boston, MA), and IBM SPSS 22.0 (IBM Corp.).
Nucleotide sequence accession numbers. The 130 complete HPV6 genome sequences determined in this study were deposited in the EMBL-EBI database under accession numbers HG793809 to HG793938.
RESULTS
A complete, approximately 2,800-bp fragment containing the E5a-E5b-L1-LCR genomic region was successfully amplified and sequenced from 492/530 (92.8%) HPV6 DNA-positive samples collected for this study. Among the 492 sequenced isolates, 130 (26.4%) exhibited at least one SNP, indel, or amino acid change in the E5a, E5b, L1, and/or LCR genomic region and were completely sequenced.
The minimum and maximum lengths of 190 globally aligned HPV6 genomes were 7,954 and 8,051 bp, respectively. In total, 471 (5.9%) variable nucleotide positions and 165 (6.6%) variable amino acid positions were identified. The genomic variabilities of 190 HPV6 isolates in nine ORFs and four noncoding genomic regions are summarized in Table 3 . Briefly, the maximum frequencies of nucleotide changes in coding regions varied from 3.4% in the E7 ORF to 13.2% in the E5b ORF. The frequencies of amino acid changes varied from 2.0% in the E6 ORF to 27.4% in the E5b ORF. A maximum of 16 indels were detected across all compared sequences. Indels were detected in LCR and noncoding region 3 (NCR3; between the E5b and L2 ORFs). One in-frame deletion of 42 bp was detected in the E2 ORF of one isolate. The maximum pairwise nucleotide difference between the two most variable genomes was 1.6%.
Among 130 newly sequenced complete genomes, we inspected double-peak reads for 15/130 (11.5%) HPV6 isolates. These double-peak nucleotide positions were marked as wobble nucleotides in the final complete genome sequences.
Lineage and sublineage identification. Phylogenetic analyses of the 190 complete HPV6 genomes confirmed the presence of two distinct HPV6 variant lineages, A and B, and revealed five variant sublineages of lineage B: B1, B2, B3, B4, and B5 (see Fig. S1 in the supplemental material). Lineage A included variants related to the HPV6b prototype sequence (HPV6REF), while two major sublineages in lineage B contained variants closely related to HPV6a (sublineage B3) and HPV6vc (sublineage B1 Fig. S1 ). A phylogenetic tree of the 48 most divergent complete HPV6 genomes (Ͼ0.05% pairwise dissimilarity) clearly confirmed the clustering of variants into the lineages and sublineages established based on 190 complete HPV6 genomes (Fig. 1) .
Among all HPV6 genomic regions, only the E1, E2, and L2 ORFs produced trees that were congruent with the whole-genome tree topology. Of these, the L2 ORF showed the optimal discriminatory power for total reproduction of the whole-genome phylogenetic tree topology. In addition, a 960-bp fragment at nucleo-tide positions 4,491 to 5,451 within the L2 ORF relative to the corrected prototype HPV6b genome (HPV6REF) could be used as a representative region for whole-genome-based phylogenetic clustering (Fig. 2) . The 960-bp region contained at least one SNP specific for each lineage and sublineage (Fig. 3) . Similarly, the concatenated E5a, E5b, L1, and LCR sequence of approximately 2,800 bp displayed a tree topology that was identical to that of the complete genome sequences.
Lineage-and sublineage-specific SNPs. A total of 202 SNPs across 48 complete HPV6 genomes (the most variable genomes out of 190 complete genomes) were determined (Fig. 3) . Analysis of diagnostic lineage-specific SNPs showed that lineages A and B had SNPs dispersed throughout all genomic regions. More detailed examination of SNP positions suggested that any genomic fragment of Ͼ500 bp could be used to discriminate between lineages A and B. SNPs specific for all five B sublineages were not dispersed across the whole genome. Instead, they clustered in specific genomic regions. For example, sublineage B3 had no diagnostic SNPs in the first 4,000 bp of the genome (Fig. 3) . All identified HPV6 lineage-and sublineage-specific SNPs allowed correct (sub)lineage identification of all of the remaining 142/190 complete genome sequences.
Ethnogeographical and clinical associations for HPV6 variant lineages and sublineages. Figure 4 illustrates the global and continental distributions of HPV6 variant (sub)lineages among 724 HPV6 sequences. Lineage B was the most prevalent HPV6 lineage worldwide (593/724 sequences [81.9%]) (Fig. 4a) , apart from in Asia, where genomic variants from lineage A predominated (53/93 sequences [57.0%]) (Fig. 4c) . The most common sublineage was B1, which was found in 54.7% (396/724 sequences) of samples (Fig. 4a) , ranging from 15.8% in Africa (Fig.  4g ) to 67.9% in Australia (Fig. 4f) . Sublineage B3 was the second (Table 4) .
Bivariate analysis of lineages A and B for associations with anatomical locations of infection (anogenital versus head and neck region) indicated higher odds for lineage B than for lineage A in anogenital infections, although associations were not statistically significant (P Ͼ 0.05). However, the results of multivariate logistic regression confirmed that lineage B was associated with infections in the anogenital region (OR, 2.51; 95% CI, 1.30 to 4.83; P ϭ 0.006). Additionally, multivariate analysis showed an association of both sublineages B1 (OR, 2.12; 95% CI, 1.09 to 4.14; P ϭ 0.027) and B3 (OR, 4.77; 95% CI, 1.61 to 14.18; P ϭ 0.005) with anogenital infections in comparison to lineage A (Table 4) .
Bivariate analysis revealed that lineage B was more common in females than in males (P ϭ 0.002); in particular, sublineage B3 showed a higher association with females (P Ͻ 0.001). In multivariate logistic regression analysis, females showed marginally higher odds for lineage B than males in comparison to lineage A (P ϭ 0.08) and higher odds for sublineage B3 than males in comparison to lineage A (OR, 2.89; 95% CI, 1.30 to 6.41; P ϭ 0.009) ( Table 4) .
DISCUSSION
In this study, the following four genomic regions were initially sequenced from 530 HPV6 isolates (collected for the purpose of this study from 15 countries on six continents): the L1 ORF, which encodes the major capsid protein and is typically used in identification of HPV types; the E5a and E5b ORFs, which have previously shown the highest diversification trend among all HPV6 coding regions (17, 18) ; and LCR, which is considered the most variable HPV genomic region, harboring control sites for viral replication and gene expression. Following identification of the most divergent HPV6 E5a-E5b-L1-LCR genomic variants, a total of 130 HPV6 isolates were selected, completely sequenced, and phylogenetically evaluated together with 60 complete HPV6 genome sequences available in GenBank and PaVE. HPV6 exhibited a maximum genomic difference of 1.6%, with only 48/190 (25.3%) complete genomes exhibiting Ͼ0.05% pairwise dissimilarity to other isolates. Overall, the HPV6 genomic diversity was lower than those of the two most important highrisk HPV types: HPV16 (2.3%) and HPV18 (2.1%) (29, 30) . On the other hand, HPV6 shared similar genomic heterogeneity with some of the closest relatives of HPV16 and HPV18: HPV45 (1.5%), HPV70 (1.6%), HPV31 (1.4%), and HPV58 (1.7%) (30, 31) . The global diversity of low-risk HPV types based on complete genomes is still a subject of investigation; nevertheless, previously published data suggest that HPV6 exhibits more genomic diver- e A single genome size was inferred from the nucleotide alignment. Each nucleotide position was counted once. The total number and percentage of variable nucleotides included SNPs; indels and wobble nucleotides were excluded from the count. The cumulative number of amino acids was taken from 9 ORFs (E6, E7, E1, E2, E4, E5a, E5b, L2, and L1), with overlapping ORFs counted separately.
sity than its closest relative, HPV11, with a maximum pairwise difference of 0.4% (19) . The direct inspection of complete genome sequences revealed the presence of several wobble nucleotides, suggesting that some individuals can potentially be coinfected with two different HPV6 genomic variants, which warrants further investigation.
The phylogenetic tree obtained from 190 complete genome sequences indicated the presence of two variant lineages, A and B, and five B sublineages (B1, B2, B3, B4, and B5, with B4 and B5 determined for the first time). Additionally, we showed that concatenated HPV6 E5a-E5b-L1-LCR sequences of approximately 2,800 bp displayed a tree topology that was completely congruent with that of the whole-genome sequences and that this region can therefore be considered a suitable representative region for wholegenome-based phylogenetic clustering of HPV6 isolates. In contrast, individual HPV6 ORFs, including the E6, E7, E5a, E5b, E4, and L1 ORFs, and the LCR noncoding region generated dichotomic tree topologies, identifying lineages A and B but not being reliable for identification of the B sublineages. The E1, E2, and L2 ORFs generated tree topologies that resembled the global phylogenetic tree topology, with the L2 ORF (1,380 bp) being the most informative single genomic region for phylogenetic identification of all currently known HPV6 variant lineages and sublineages. On identification of lineage/sublineage-specific SNPs, a shorter genomic segment in the L2 ORF (960 bp) was identified that totally reproduced the whole-genome phylogenetic tree topology. This representative genomic region or lineage/sublineage-specific SNPs can be used when complete HPV6 genome sequences are not available or when one is interested in accurate lineage/sublineage assignment only, rather than in studying the genetic variability of other genomic regions.
In order to investigate associations among HPV6 (sub)lineages, geographical location, anatomical location of infection, and gender, 724 HPV6 samples were evaluated. The analysis showed that HPV6 genomic variants from lineage B ("nonprototypic" HPV6 genomic variants) prevailed globally (14, 18) , consisting mainly of variants from sublineage B1. Due to its global presence, it is possible that B1 is the oldest HPV6 sublineage, which disseminated during early human evolution and migrated to different parts of the world before other sublineages emerged.
Sublineage B2 was present in all continents except Asia, while sublineage B3 was detected significantly more frequently in Africa and North and South America. Sublineage B4 was identified only in Europe and Asia, and sublineage B5 was identified only in Africa and Europe, indicating a possible recent emergence and exchange of these specific sublineages between Europe and Asia and between Africa and Europe, respectively. Lineage A was identified in all continents but significantly predominated in Asia. Since our data set included an unbalanced number of samples per continent and country, further analyses on larger sets of HPV6 isolates from Asian and African countries are required to confirm these observations.
The reflection of coevolution of genomic variants with Homo sapiens, which was firmly illustrated with phylogenetic tree topologies of high-risk types HPV16 and HPV18 (32, 33) , was not observed among HPV6 variants. The absence of strong geographical clustering of HPV6 genomic variants could be due to the sampling bias (African and Asian continents were underrepresented), strong intermixing of HPV6 variants in ethnic populations, or, more probably, a relatively lower replication rate of HPV6 than those of high-risk HPV types. A lower replication rate would result in slower molecular evolution and, consequently, in delayed SNP fixation throughout the HPV6 genome (16, 19, 31, 34, 35) . The major HPV6 lineages we see today have therefore most likely existed relatively unchanged since the migration of Homo sapiens out of Africa. Many other HPV types have revealed unique European, African, and Asian variants, but the phylogenetic relationships of these HPV variants to the ethnogeographic origins of individuals were seldom as strong as those found for HPV16 and HPV18 (36) , probably reflecting a different viral evolution.
Clinical associations for HPV6 variant lineages A and B and the most frequent sublineages, B1 and B3, were also determined. Multivariate logistic regression analysis revealed an association of lineage B, notably sublineages B1 and B3, with anogenital infections in comparison to lineage A. An association between sublineage B1 and anogenital infections was reported previously by Danielewski et al. (14) , who analyzed the same set of Australian samples as that in our study, and was confirmed here with non-Australian samples and further expanded to sublineage B3. Furthermore, multivariate analysis showed that in comparison to males, females had higher odds for infection with genetic variants from sublineage B3 than with variants from lineage A. According to the unbalanced structure of the initial data set, presented in Table 2 , all our statistical observations need to be interpreted carefully, and further investigations are warranted to establish associations between HPV6 (sub)lineages and specific HPV6-related disease outcomes. In summary, we performed the largest global HPV6 genomic diversity study to date, contributing a total of 130 new, complete HPV6 genome sequences to available sequence repositories. Global phylogenetic analysis revealed the existence of two variant lineages and five variant sublineages, which showed some degree of ethnogeographic, gender, and/or disease predilection in their distribution. Lineage B prevailed globally and showed an association with anogenital infections, specifically for sublineages B1 and B3. Lineage A prevailed in Asia, and sublineage B3 prevailed in Africa and North and South America. Our analysis showed that females had higher odds for infection with genetic variants from sublineage B3 than males. HPV6 (sub)lineage-specific SNPs were identified to facilitate the rapid and reliable identification of HPV6 genomic variants in cases where complete genome sequences are unavailable, and a 960-bp representative region for whole-genome-based phylogenetic clustering within the L2 ORF was identified. Our study significantly expands the current knowledge of HPV6 genomic diversity and provides a valuable resource for future epidemiological, evolutionary, functional, pathogenicity, vaccination, and molecular assay development studies. 
